Background/Purpose-Digital color image analysis is currently considered as a routine procedure in dermatology. In our previous study, a multimodal facial color imaging modality (MFCIM), which provides a conventional, parallel-and cross-polarization, and fluorescent color image, was introduced for objective evaluation of various facial skin lesions. This study introduces a commercial version of MFCIM, DermaVision-PRO, for routine clinical use in dermatology and demonstrates its dermatological feasibility for cross-evaluation of skin lesions.
Introduction
Optical measurement of skin color can be categorized into two main modalities: spectrophotometric (such as, reflectance spectrophotometers) and tristimulus (such as, colorimeters) analysis (1) . Even though such modalities hold great promise, it would be impractical and cumbersome in routine clinical use to evaluate every single skin lesion by using such point measurement-based techniques. Furthermore, they are limited in use by practical considerations, such as, difficulty to observe spatial pattern in skin lesions, potential skin blanching due to probe contact, and poor reproducibility of the measurement on identical skin lesions (1) (2) (3) . Alternatively, a hyper-spectral imaging modality, which addresses the drawbacks of conventional imaging modalities, has been introduced to evaluate abnormalities of skin lesions (4) . However, it requires a relatively long image acquisition time (typically more than 30 sec for an image cube) which causes motion artifact during image acquisition. Therefore, it may not be an appropriate method for routine clinical use.
Digital color image analysis is currently considered as a routine clinical procedure because it is relatively convenient in the evaluation of skin lesions, minimizing unnecessary biopsies (5) . However, conventional digital color image analysis has been qualitatively and subjectively conducted due to the lack of reproducibility of imaging conditions, such as, camera setup, optical lens system, patient positioning, and illumination (2, 6) . Furthermore, human visual assessment can be altered by physiological and psychological conditions even though the imaging conditions are controlled (7) .
Recently, several articles have addressed such issues and introduced reproducible digital imaging modalities for quantitative and objective analysis of facial skin lesions (8) (9) (10) (11) . Even though the digital imaging modalities have provided valuable diagnostic information regarding facial skin lesions, they could not simultaneously differentiate and evaluate all the characteristics of various skin disorders and, therefore, might result in misdiagnosis due to the use of fragmented information. In this sense, it is indispensable to integrate independent digital imaging modalities into a multimodal imaging modality for the cross-evaluation of skin lesions in dermatology.
In our previous study, a prototype of a multimodal facial color imaging modality (MFCIM) was introduced, and sample images were analyzed for objective evaluation of facial skin lesions (6) . It has four different imaging modes, such as, a conventional color image (CCI), parallel-and cross-polarization color images (PPCI and CPCI), and UV-A induced fluorescent color image (FCI). In addition, a polarization image (PI) derived from paralleland cross-polarization color images may help to estimate the margins of facial skin lesion abnormalities (12, 13) . In this study, a commercial version of the MFCIM, DermaVision-PRO, was developed for routine clinical use in dermatology and its dermatological feasibility was investigated by cross-evaluating facial skin lesions, actinic keratosis (AK) and squamous cell carcinoma (SCC).
Materials and Method
Hardware of DermaVision-PRO Figures 1(a) and (b) show the commercial version of MFCIM based on our previous study (6) and the schematic diagram of the imaging box, respectively. Four UV-A lamps (315 -380 nm, BLACK LAMP 30 W, ALIM, Korea) and a flash white light embedded in a digital camera (Canon EOS 400D, Canon Inc., Tokyo, Japan) were employed as light sources. A linear polarizer (Model A45-669, Edmund Industrial Optics, Barrington, NJ) was placed in front of the digital camera lens. A three-position linear filter holder was equipped in front of the flash white light in order to produce linearly polarized light. Three linear polarizers were integrated into the filter holder at an angle of 45° (for CCI), 90° (for CPCI), and 0° (for PPCI) over the polarization direction of the linear polarizer in front of the digital camera lens. The digital camera was placed at the center of four UV-A lamps and operated at manual mode. A head-positioning device, which simultaneously supports the forehead and jaw and can be adjusted in both vertical and horizontal directions, was installed into the imaging box in order to ensure reproducible image acquisition (2). To minimize artifacts by ambient light, a blackout curtain frame was incorporated into the imaging box.
Software of DermaVision-PRO
Image analysis software of DermaVision-PRO was written with "Visual C++" and provides a graphic user interface (GUI). The software mainly consists of "Single Image Analysis Window" and "Total Image Analysis Window" with various image analysis tools, which have shown their clinical validity in previous studies (2, 3, 8, (9) (10) (11) (12) (13) .
The "Single Image Analysis Window" [ Fig. 2(a) ] provides a full-scale image for close-up investigation of original and processed images. The basic concept and clinical validity of image analysis for each image mode were well demonstrated in our previous study (6) . The basic function of "Total Image Analysis Window" [ Fig. 2(b) ] is to compare the images of skin lesions before and after treatment. In order to evaluate the treatment result more efficiently, the clinician can cross-evaluate facial skin lesions by comparing their subjective evaluation to quantitative information derived from different image modes.
Clinical Trials
Facial skin abnormalities, such as, facial actinic (solar) keratosis (AK) and non-melanoma skin cancer (NMSC), were evaluated in order to demonstrate the dermatological feasibility of DermaVision-PRO as a pre-screening and cross-evaluation tool. Fourteen Asians [AK: 11 subjects, and squamous cell carcinoma (SCC): 3 subjects] were recruited and images taken at four different imaging modes and processed. Before the image acquisition, subjects were classified according to medical examinations by dermatologists at the Department of Dermatology, Yonsei University. In order to verify the medical examinations, tissue specimens were extracted from the skin lesions, using a 2 mm biopsy punch, and preserved in 10% formalin solution for Hematoxylin and Eosin staining. 
Results

Subjects
Discussion
AK is considered as a precancerous skin lesion that results from the loss of orderly maturation of atypical keratinocytes (14) . Clinically, it presents ill-defined macule, papule or plaque-like features, and a skin color of reddish brown or yellowish black (14, 15) . Because of its distinctive surface texture, it is often recognized by palpation rather than visualization. However, it is occasionally not well recognized with other skin abnormalities, such as, seborrheic keratoses, porokeratoses, viral warts, superficial basal cell carcinoma (BCC), and allergic and contact dermatitis, as well as often associated with other sun-damaged skin lesions, such as, solar lentigo, telangiectasia, and solar elastosis (16) (17) (18) . Also, it is sometimes considered to be a potential precursor lesion of SCC (14) (15) (16) (17) (18) . Therefore, it may be useful for clinicians to recognize visually and non-invasively specific features of AK in order to minimize the number of unnecessary histopathologic examinations.
Four different images of an identical facial skin lesion [yellow dotted line in Figs. 3 and 4]
were obtained in order to cross-evaluate visually specific features of AK. Similar to clinical examination by the naked eye, CCI provides both surface and subsurface morphological features of skin lesions, simultaneously. It is difficult to discern the AK lesions from the surrounding normal skin region because the property of superficially backscattered light from the AK itself is lost by the superposition of backscattered light from the dermis, and hyperpigmentation on the AK lesion absorbs most of the incident and backscattered light. Fig. 3(c) ] provides an endogenous fluorescent characteristic of the AK skin lesion. According to previous studies, the fluorescent method has been mainly used in the diagnosis of some infective, pigmentary dermatoses and keratosis (23, 24) . The fluorescence signals are mainly caused by tissue fluorophores, such as, elastin, collagen, aromatic amino acids, and nicotinamide adenine dinucleotide (NAD) in abnormal skin lesions (19, 23) .
FCI [
Consequently, FCI provides additional fluorescent properties in abnormal skin lesions which are difficult to recognize with reflectance imaging methods, such as, CCI, PPCI, and CPCI. As shown, the AK lesion demonstrated significantly higher endogenous fluorescent intensity [white dotted line in Fig. 3(c) ] than the surrounding normal (hyperpigmented) skin regions which showed mild (lower) endogenous fluorescence intensity. In this study, we assume that only two fluorophores of a reduced nicotinamide adenine dinucleotide (NADH) with emission peaks at 420 and 460 nm and porphyrin with emission peaks at 630 and 690 nm are mainly attributed to relatively higher fluorescent intensity of AK and SCC because: 1) the spectral range of the UV light source and digital camera covers only 320-380 nm for excitation and 400-700 nm for emission (candidate fluorophores: collagen, elastin, porphyrins, and NADH), respectively (19); 2) in the spectral range, it has been reported that two such fluorophores present dynamic changes of fluorescence intensity during neoplastic transformation (20) . According to Wollina et al. (18) , NADH on AK lesions excited at 370 nm resulted in the increase of fluorescence signal at the emission wavelength peaks of 430 and 470 nm in a human in-vivo study. It has been reported that the increased metabolic activity during the dysplasia/hyperplasia process, especially AK, can be recognized by an increased NADH fluorescent emission signal (20 -22) . Furthermore, porphyrin, which is dynamically changed during the neoplastic sequence, has been reported from inflamed cells on the skin surface and necrotic tumor surface (20) .
The M.I. [Figs. 3(a) and 4(a) ] derived from CPCI represents the degree of skin pigmentation (melanin content) (6, 8) . Although the M.I. itself might be a valuable objective parameter for melanin content, especially in the case of pigmented AK, we confirmed that the M.I. could not be used alone as a criteria for the evaluation of AK lesions because AK can be categorized into at least five classes according to different clinical features (14, 17) .
Different from M.I., which is randomly distributed in the ROI, E.I. presents a relatively higher value on the surrounding normal skin region in the fluorescent group [ Fig. 3(b) ], and on the AK skin lesions in the non-fluorescent group [ Fig. 4 (b) ]. The thickening of the tissues (epithelial cell layer) and vasculature formation during the middle stage of AK may lead to reduced NADH fluorescent emission signal in the non-fluorescent group [ Fig. 4(c) ] because the emission peak of NADH fluorescence exists near the absorption peak of hemoglobin (19) . On the other hand, the rapid cell proliferation during the initial stage of AK and after the differentiation to SCC may lead to increasing the NADH fluorescence intensity at the fluorescent group [ Fig. 3(c)] (21, 22) . Figures 3(d) and 4(d) show the PI in the ROI. As shown, a freckle is apparent in other image modes, but the melanin has been eliminated in the PI [white solid line in Fig. 3(d) ] such that it gives a chance for clinicians to examine non-invasively the morphology of relatively deep skin layers. Besides, it is remarkable that the margin of AK defined by the PI is relatively wider and more apparent than that defined by the FCI. Although it is difficult to conclude which one is the real margin of the AK, it seems that the PI can be utilized as a criterion to estimate morphological characteristics of dermatological abnormalities (for example, nonmelanoma skin cancers, such as, BCC and SCC, which most frequently occur in the superficial skin layer).
Overall, the different fluorescence intensity of NADH and porphyrin among subjects with facial AK may be interpreted as different phases of morphological and metabolic changes during the tissue transformation process of AK as it is partially demonstrated with E.I.. Besides, all three subjects with facial SCC presented relatively higher fluorescence intensity on the skin lesion and the fluorescence pattern was analogous to previous studies (20, 21) . We can elucidate from the results that DermaVision-PRO may be utilized for crossevaluation of facial AK and SCC lesions so that it should be a quick prescreening tool for routine clinical use in dermatology even though it does not completely substitute for histopathological examinations.
Conclusion
A commercial version of a MFCIM, DermaVision-PRO, was developed for routine clinical use in dermatology. It demonstrated dermatological feasibility as a macroscopic prescreening imaging modality for cross-evaluation of facial skin lesions, such as, AK and SCC. We are confident that DermaVision-PRO may be utilized as a useful prescreening tool for widely distributed facial skin lesions and as an efficient database management of patient information. (a) DermaVision-PRO consists of an imaging box (1), display panel (2) , and software control panel (3) . (b) The imaging box consists of a flash white light (4), a digital color camera (5), three-position linear polarizer holder (6), and four UV-A lamps (7). Linearly polarized light (8) and UV-A radiation (9) incident to human face on head-positioning device (10) are reflected back to the digital color camera. Comparison of the fluorescent intensity and E.I. on AK lesions and surrounding normal skin regions in the fluorescent group.
